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INTRODUCTION other cells and soluble, mitogenic factors. Thus, in the pres-
ence of multiple external signals, the ultimate decision of
a cell to proliferate or differentiate is an integrated responseEmbryonic development relies on highly regulated events
to its adhesive and growth factor milieu.including cell growth, differentiation, programmed cell
There is now considerable evidence demonstrating thatdeath, and morphogenesis into functional tissues. The cues
interactions between growth factors and adhesion-initiatedfor these events reside in the extracellular environment in
events occur at several levels to regulate cellular responsesthe form of an insoluble matrix, diffusible morphogens or
(reviewed in Nathan and Sporn, 1991). Adhesive phenom-mitogens, or other cells. The role of the extracellular matrix
ena in¯uence growth factor expression and activity (Adams(ECM) in governing the differentiation of many cell types
and Watt, 1993; Lin et al., 1995; Streuli et al., 1993). Matrixis well established (reviewed in Adams and Watt, 1993; Lin
composition and cell surface expression of adhesion recep-and Bissell, 1993). For example, a basement membrane is
tors are in turn modulated by growth factors (Bellas et al.,required for the expression of milk proteins in mammary
1991; Heino et al., 1989). Furthermore, growth factors andepithelium (Lin et al., 1995), and terminal differentiation
their receptors regulate cell adhesion (Mason, 1994; Richardof keratinocytes is associated with a change in adhesion to
et al., 1995). Finally, ligation of adhesion receptors activatesECM components (Adams and Watt, 1990). The differentia-
intracellular signal transduction pathways similar to thosetion of endothelial cells during angiogenesis (Ingber and
induced by growth factor receptor tyrosine kinasesFolkman, 1989a) and myogenic differentiation also depends
(Schwartz and Ingber, 1994; Yamada and Miyamoto, 1995;on the presence of an ECM (Hauschka and Konigsberg,
Clark and Brugge, 1995). The aims of this review are to1966). In addition, differentiation is also controlled by cell±
highlight these interactions in the context of cellular re-cell adhesion (Gumbiner, 1996). However, it is apparent
sponses that take place during differentiation and to identifythat other external stimuli, namely, growth factors, also
the potential molecular links between adhesion and growthmodulate cell growth and differentiation in many cell types.
factor signaling pathways.For instance, nerve growth factor (NGF) stimulates neu-
ronal differentiation and neurite extension (Ebendal, 1992;
Meakin and Shooter, 1992). Muscle differentiation is inhib-
ited by bFGF and stimulated by insulin (Florini and Magri, ADHESION±GROWTH FACTOR SYNERGY
1989), while bFGF promotes proliferation and differentia- IN DIFFERENTIATION
tion during angiogenesis (Ingber and Folkman, 1989b). For
many cell types, these proliferative and differentiative phe-
The biological signi®cance of interactions between adhe-nomena depend on both attachment to ECM molecules or
sive phenomena and growth factors is well characterized in
several systems. The mechanisms by which these external
signals converge to produce a particular cellular phenotype1 To whom correspondence should be addressed at Department
are currently poorly understood. It is clear that differentof Cell Biology and Anatomy, University of North Carolina at
adhesion receptors and growth factors each produce aChapel Hill, Chapel Hill, NC 27599, or to A. F. Horwitz, E-mail:
AFH@UIUC.EDU. unique set of signals. The emerging picture from these stud-
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ies is that the decision of a cell to differentiate depends on larly, FN, LM, and entactin promote branching morphogen-
esis in the kidney epithelium while collagen IV, heparinparticular cell±matrix or cell±cell contacts which, in turn,
initiate speci®c signaling through different adhesion recep- sulfate proteoglycan, or vitronectin inhibit it (Santos and
Nigam, 1993). Muscle differentiation is differentially regu-tors. These signals are further in¯uenced by the growth
factor environment in which the cells reside. The data point lated by FN versus LM (Foster et al., 1987; von der Mark
and Ocalan, 1989). In monocytes, different matrices induceto a combinatorial model of signaling where adhesive and
growth factor signals integrate to generate a precise re- selective gene expression; a different set of genes is ex-
pressed in monocytes when attached to FN compared tosponse.
collagen IV (Juliano and Haskill, 1993). Finally, FN in-
hibits metalloproteinase expression in synovial ®broblasts
ECM Initiates Signals for Differentiation whereas a mixture of FN and TN promotes its expression
(Tremble et al., 1994).The signals for terminal differentiation, tissue-speci®c
gene expression, and morphogenetic events are determined The modular nature of matrix molecules plays an im-
portant role in regulating differentiation or gene expressionin part by the ECM (Adams and Watt, 1993; DeSimone,
1994; Gumbiner, 1996; Roskelley et al., 1995). Through in some cell types; distinct sites on the same matrix mole-
cule impart speci®c signals. In synovial ®broblasts, RGDits diversity, the ECM encodes unique responses which
depend on precise matrix components and on the modular peptides or the 120-kDa cell binding domain of FN, but not
intact FN, induce collagenase and stromelysin expressionnature of these molecules. Much of the information regard-
ing the role of speci®c matrix constituents in differentia- (Werb et al., 1989). However, the presence of peptides con-
taining the CS-1 region of FN exerts a negative effect ontion and gene expression comes from in vitro cell culture
studies using de®ned substrates. A matrix requirement for the RGD-dependent signal (Huhtala et al., 1995). Similarly,
the E8 fragment on LM is the sole laminin binding site thatmuscle differentiation is among the early descriptions of
adhesion-dependent differentiation (Hauschka and Konigs- promotes the differentiative response of mammary epithelia
(Chammas et al., 1994). Finally, despite the presence of mul-berg, 1966). For some cell types, differentiation requires a
matrix; but different ligands can produce similar effects. tiple cell binding sites on LM, only select regions promote
neurite extension (Tomaselli et al., 1990).Neurons differentiate and extend processes on a number
of substrates including laminin, collagen, and tenascin
(Varnum-Finney et al., 1995; Weaver et al., 1995). Endothe-
Adhesion Receptors Transduce Differentiativelial cells differentiate into capillaries when cultured on
Signalslaminin, FN, or collagen I and IV (Ingber and Folkman,
1989a). Although these different matrix components medi- The studies described above demonstrate that the matrix
exerts diverse effects on cell differentiation that depend onate angiogenesis, the density of the matrix has a profound
effect, perhaps through changes in signaling and cell shape, the modular nature of ECM molecules and the cell type
(Table 1). How does a cell process such extensive informa-on whether cells proliferate or differentiate. High substrate
concentrations, where cells are spread, favor proliferation, tion to generate a cellular response? Considerable evidence
indicates that integrins, cell matrix adhesion receptors, par-whereas low substrate amounts, where cells are retracted,
favor differentiation (Ingber and Folkman, 1989b). Finally, ticipate in the matrix-initiated signal transduction events
that ultimately lead to changes in gene expression (reviewedthe ability of the matrix to resist the tension exerted by
the cell produces different effects on differentiation. Fixed in Adams and Watt, 1993; Damsky and Werb, 1992; Hynes,
1992; Juliano and Haskill, 1993; Schwartz et al., 1995).substrates such as those adsorbed to a culture dish promote
proliferation of endothelial cells (Ingber and Folkman, While the role of speci®c integrin receptors in controlling
cell differentiation is only beginning to be addressed, the1989b) and inhibit mammary epithelial differentiation (Lin
and Bissell, 1993), while a malleable substrate like a ¯oat- diversity of integrins and their differing speci®cities for
ECM ligands suggest that different integrins transmit dis-ing collagen gel favors differentiation of both cell types.
For many other cell types, the precise matrix ligand is tinct signals to regulate proliferation, differentiation, and
apoptosis. Moreover, cell±cell adhesion receptors also par-important for differentiation or gene expression. The switch
from proliferation to differentiation in the mammary epi- ticipate in signal transduction and differentiation (Gum-
biner, 1996; Kirkpatrick and Peifer, 1995). Thus, the differ-thelium reveals the speci®c effects of various matrix com-
ponents. Proliferating mammary epithelial cells, which se- entiation state of a particular cell likely results from the
contribution of multiple adhesion receptors.crete tenascin-C (TN-C), an ECM component that inhibits
differentiation, must downregulate the synthesis of TN-C The role of integrins in differentiation and regulation of
gene expression is becoming increasingly apparent. Liga-for differentiation to proceed (Wirl et al., 1995). The expres-
sion of b-casein, an early differentiation marker, is induced tion with blocking antibodies demonstrates a functional
role for integrins in differentiation. Antibody ligation ofon ¯oating, but not ®xed, collagen I gels (Lin and Bissell,
1993). The formation of tubules and alveolar structures and the b1 integrin in chick myoblasts inhibits terminal differ-
entiation and maintains myoblasts in the proliferativeinduction of late markers such as whey acidic protein re-
quire the presence of basement membrane laminin. Simi- phase (Menko and Boettiger, 1987). Anti-b1 antibodies also
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inhibit neurite outgrowth (Tomaselli et al., 1986) as well role of these molecules in development are a recent major
focus. While gene knockouts show a number of adhesionas b-casein expression and morphogenesis in mammary
epithelia (Lin and Bissell, 1993). In contrast, b1 ligation molecules to be critical for development (reviewed in
Hynes, 1996, this issue), some apparent discrepancies be-stimulates keratinocyte differentiation (Watt et al., 1993)
while ligation of the a5b1 integrin in synovial ®broblasts tween in vivo and in vitro studies exist regarding their role
in differentiation. Some studies suggest that differentiationinduces metalloproteinase expression (Werb et al., 1989).
Furthermore, in keratinocytes, the a5b1 integrin under- can proceed in the absence of key adhesion molecules. Ad-
aptations and redundant mechanisms are likely resolutionsgoes a decrease in af®nity for FN concomitant with differ-
entiation, whereafter its expression is lost from the cell to these apparent discrepancies as discussed in Hynes (this
issue).surface (Adams and Watt, 1990).
There is now substantial evidence demonstrating speci-
®city among different integrin subunits (Table 1). In mono-
Differentiation Is a Combinatorial Response tocytes, ligation of b1, but not b2, integrin receptors promotes
Adhesive and Growth Factor Signalsgene induction (Yurochko et al., 1992). The role of speci®c
alpha subunits has been the focus of several recent studies. It is well established that proliferation, differentiation,
and programmed cell death in most cell types require adhe-In synovial ®broblasts, ligation of the a5b1 FN receptor
stimulates metalloproteinase expression, whereas ligation sive interactions as well as mitogenic serum factors. In the
absence of proliferative stimuli, adherent cells become qui-of the a4b1 (which uses the CS-1, rather than the RGD
region) of FN inhibits gene expression (Huhtala et al., 1995). escent and eventually undergo apoptosis. In suspension,
cells also do not proliferate and undergo apoptosis despiteNeurite outgrowth on LM is blocked by function-perturbing
antibodies against the a6 and a3, but not a1, subunits of the presence of growth factors (Meredith et al., 1993; Frisch
and Francis, 1994; Zhang et al., 1995). The diverse effectsintegrin (Weaver et al., 1995). Branching morphogenesis of
mammary epithelia is impaired by anti-a2 antibodies and is exerted by adhesion molecules on differentiation discussed
above provide another example of the interplay betweenstimulated by anti-a3 antibodies (Berdichevsky et al., 1994).
Finally, ectopic expression of the a5 or a6 integrins in myo- adhesion and the action of growth factors. For certain cell
types, neither cell adhesion alone nor the presence ofblasts produces contrasting effects on muscle differentia-
tion. Ectopic a5 expression inhibits differentiation and growth factors alone is suf®cient to stimulate differentia-
tion. Neuronal differentiation on LM or collagen also re-maintains myoblasts in the proliferative phase while ec-
topic a6 expression inhibits myoblast proliferation but not quires the presence of NGF (Zhang et al., 1993). The mini-
mal requirements for mammary epithelial differentiationdifferentiation (Sastry et al., 1996). Interestingly, antisense
suppression of endogenous a6 expression in myoblasts in- are a LM substrate and a lactogenic hormone such as prolac-
tin (Lin and Bissell, 1993). Similarly, angiogenesis requireshibits differentiation and promotes proliferation, suggesting
that the ratio of integrin expression can affect the decision matrix adhesion and bFGF (Ingber and Folkman, 1989b; Ro-
gelj et al., 1989). In contrast, some cell types, like muscle,of a cell to proliferate or differentiate.
Adhesive regulation of differentiation is not limited to proliferate, differentiate, or undergo apoptosis despite sub-
strate attachment depending on the growth factor contextintegrins. Cadherins and members of the Ig family of cell±
cell adhesion receptors contribute to differentiation as well. (Sastry et al., 1996).
The interplay between growth factor and matrix effectsPerhaps the most striking example of adhesion receptor co-
operation is seen during keratinocyte differentiation (Hodi- in the mammary epithelium is quite extensive as well as
complex. Distinct growth factor effects occur at multiplevala and Watt, 1994). Cadherin expression is required for
strati®cation, at which time b1 integrins are no longer ex- points during differentiation to alter matrix-dependent
gene expression and morphogenetic events. In vivo, TGF-pressed. Antibodies against P- or E-cadherin inhibit strati®-
cation and the loss of integrin expression. Therefore, in ker- b inhibits branching but has no effect at later stages of
alveolar organization (Silberstein et al., 1992). Hepatocyteatinocytes, cadherins negatively regulate integrin expres-
sion, suggesting an interplay between different adhesion growth factor, on the other hand, induces branching mor-
phogenesis in collagen gels (Berdichevsky et al., 1994).receptors. In other systems, multiple adhesion receptors
mediate differentiation. For example, N-CAM (Peck and TGF-b and EGF inhibit b-casein expression in culture and
in mammary explants (Lin et al., 1995; Wirl et al., 1995),Walsh, 1993), M-cadherin (Zeschnigk et al., 1995), as well
as integrins are implicated in myogenesis (reviewed in Mc- while TGF-a inhibits expression of whey acidic protein
in fully differentiated cultures and leads to a disruptionDonald et al., 1995). Furthermore, neurite outgrowth ap-
pears to involve adhesion mediated both by integrins and of cell±cell contacts (Lin et al., 1995). Finally, EGF or
bFGF is required for cells to optimally respond to lacto-by cell±cell adhesion receptors, N-CAM, and N-cadherin
(Doherty and Walsh, 1994). genic hormones, while insulin and PDGF do not affect
this response (Chammas et al., 1994).The in vitro studies described above demonstrate both
the importance and the complexity of the ECM and cell In addition to matrix effects, a number of studies suggest
that the cellular response to different growth factors duringsurface adhesion receptors in controlling cell growth and
differentiation. Genetic experiments to address the in vivo differentiation depends on speci®c adhesion receptors. For
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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example, the optimal response of neurons to NGF relies on Growth factors, in turn, act on cells to alter matrix
composition by regulating matrix secretion, assembly, ora1b1 integrin expression (Zhang et al., 1993). Similarly,
tubulogenesis in the kidney epithelium requires both the expression of matrix remodeling enzymes (Table 1). In
mammary epithelial cells, TGF-b induces expression ofa2 integrin and hepatocyte growth factor (Saelman et al.,
1995). The avb3 and avb5 integrins both promote angiogen- TN-C which is associated with proliferating cells (Wirl
et al., 1995). EGF and bFGF impair TN assembly whileesis, but utilize distinct growth factor pathways. The avb3
pathway depends on the presence of either bFGF or TNFa, enhancing assembly of basement membrane laminin to
promote differentiation (Chammas et al., 1994). The ex-whereas avb5-mediated differentiation is induced by vascu-
lar endothelial growth factor or TGF-a (Friedlander et al., pression of collagenase by ®broblasts, an adhesion-depen-
dent phenomenon, is altered by the presence of speci®c1995). Moreover, integrin and cadherin regulation of differ-
entiation depends on unique growth factor signals. Neurite growth factors (Edwards et al., 1987). EGF or bFGF in-
duces metalloproteinase expression while TGF-b inhibitsoutgrowth mediated by integrins depends on NGF or aFGF
pathways (Zhang et al., 1993) but N-CAM or N-cadherin gene induction. Thus, it is clear that matrix regulation of
differentiation depends on the precisely timed action ofstimulates neurite extension via a bFGF-dependent mecha-
nism (Doherty and Walsh, 1994; Hotchin and Nobes, 1996; certain growth factors which appear to control the bal-
ance of matrix deposition and organization.Mason, 1994; Williams et al., 1994).
Perturbation of integrin expression levels in myoblasts The expression of adhesion receptors is also in¯uenced by
growth factors (Table 1). Such regulation is observed for boththrough ectopic overexpression demonstrates that integrin
ratios modulate the growth factor response (Sastry et al., integrins and cadherins. Exposure of neuronal cells to NGF
or aFGF upregulatesa1b1 integrin expression, which mediates1996). Ectopic expression of either the a5 or the a6 integrins
in these cells shifts the serum response to favor either prolif- adhesion to LM and collagen (Zhang et al., 1993). In undiffer-
entiated keratinocytes, different growth factors stimulate ex-eration or differentiation depending on which integrin is
expressed. Ectopic a5 expression enhances myoblast sensi- pression of several integrin receptors (Hertle et al., 1995;
Hotchin et al., 1995; Zambruno et al., 1995); however, thesetivity to mitogenic growth factors to promote proliferation
and inhibit differentiation. In contrast, ectopic a6 expres- changes have not been causally linked to differentiation. The
expression of multiple integrins is upregulated in endothelialsion abrogates the serum response and promotes differentia-
tion. Furthermore, ectopic a5 expression alters the response cells in response to bFGF, including avb3 and avb5 (Klein et
al., 1993; Sepp et al., 1994). Monocytes induced to differentiateto individual growth factors to affect not only proliferation
but also myotube morphology, myo®brillar assembly, and by in¯ammatory cytokines also exhibit alterations in cell sur-
face integrins (Bauvois et al., 1992; Wahl et al., 1993). In mam-cell survival.
mary epithelial cells, overexpression of the erbB-2 receptor, a
proto-oncogene related to the EGF receptor, inhibits mam-
Connections between Adhesive and Growth Factor mary morphogenesis and decreases the level of E-cadherin and
Activities
a2 integrin expression (D'Souza and Taylor-Papadimitriou,
1994). These effects appear to emanate directly from the erbB-How do growth factors and adhesion molecules interact
to in¯uence differentiation? There appear to be several 2 receptor since antibody blocking of signal transduction
through this receptor restores a differentiated phenotype asmechanisms. First of all, the matrix functions in part as a
reservoir to in¯uence growth factor availability, presenta- well as the level of E-cadherin and a2 integrin expression.
Both Wnt-1, a developmental morphogen in Xenopus and itstion, and activity. Several studies show that some growth
factors must interact directly with matrix components to Drosophila homologue, wingless, affect cell fate and morpho-
genesis through their action on cadherin expression (Kirkpat-produce a cellular response. ECM-associated bFGF pro-
motes neurite outgrowth (Rogelj et al., 1989) while matrix- rick and Peifer, 1995). Wnt-1 upregulates E- and N-cadherin
expression (Bradley et al., 1993). Furthermore, Wnt-1 mutantresident bFGF or TGF-b promotes angiogenesis (Ingber and
Folkman, 1989a; Rogelj et al., 1989). bFGF has a negative mice show altered E-cadherin expression in the brain (Shima-
mura et al., 1994). The implications of growth factor regula-effect on muscle differentiation (Florini and Magri, 1989)
which depends on its interaction with heparan sulfate pro- tion of integrin or cadherin expression are potentially of func-
tional signi®cance as a mechanism for selective cell adhesionteoglycan (Klagsbrun, 1990). Finally, ECM-bound hepato-
cyte growth factor stimulates DNA synthesis in hepato- in different ECM or cellular contexts.
cytes (Masumoto and Yamamoto, 1993). In some cells, ad-
hesion to speci®c matrix components appears to activate
expression of growth factors and their receptors. Adhesion MOLECULAR MECHANISMS OF
of monocytes to FN or collagen IV induces expression of ADHESION±GROWTH FACTOR COUPLEDin¯ammatory cytokines (Juliano and Haskill, 1993). Osteo-
SIGNAL TRANSDUCTIONclast adhesion to collagen I upregulates expression of the
TGF-b receptor (Takeuchi et al., 1996). In mammary epithe-
lia, attachment to basement membrane regulates TGF-b The studies just described provide clear biological evi-
dence for the synergistic role of adhesion and growth factors(Streuli et al., 1993) and TGF-a (Lin et al., 1995) expression.
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in regulating cell growth and differentiation. Increasing bio- vated in attached cells (Guadagno et al., 1993). In addition,
the Rb protein, which inhibits cell cycle progressionchemical evidence supports the view that the signal trans-
duction pathways activated by cell adhesion (see Clark and through interactions with cyclin complexes, is regulated
via phosphorylation jointly in response to cell adhesion andBrugge, 1995; Schwartz and Ingber, 1994; Schwartz et al.,
1995; Yamada and Miyamoto, 1995, for recent reviews) and growth factors (Zhu et al., 1996). In conjunction with
growth factors, attachment appears to release cells fromby growth factor stimulation (van der Geer et al., 1994)
share common elements and act on similar targets. The quiescence and promote entry into G1 (Dike and Farmer,
1988; Hansen et al., 1994). This may rely on distinct inte-evidence suggests a number of potential mechanisms for
synergy between adhesive and growth factor signaling path- grin-initiated signals. Ectopically expressed b1A versus b1C
subunits differently regulate cyclins (Fornaro et al., 1995;ways. One possibility is that adhesive and growth factor
signals, through independent pathways, activate common Meredith et al., 1995). Similarly, ectopic expression of the
a5 and a6 subunits produces contrasting effects on my-downstream effectors. A second possibility is that key com-
ponents of both pathways are linked through physical inter- oblast proliferation (Sastry et al., 1996). Finally, ectopic ex-
pression of the b4 subunit in epithelial lines induces cellactions. Finally, the adhesive site itself, through the recruit-
ment of structural and signaling proteins, could serve as a cycle arrest and the expression of a cyclin inhibitor (Clarke
et al., 1995).signaling center where adhesive and mitogenic signals are
transduced. Another class of downstream targets are the early growth
response genes. These are primarily transcription factors
like c-jun, c-fos, and c-myc, whose expression leads to the
Common Downstream Targets of Adhesion and activation of late growth response genes like ras and the
Growth Factor Signaling Pathways regulation of tissue-speci®c genes (Bengal et al., 1992). Ad-
hesion-induced signals also activate expression of some ofFor integrin or growth factor receptor signaling pathways
to in¯uence cell growth and differentiation, they must act these transcription factors. For example, in hepatocytes
(Hansen et al., 1994) or synovial ®broblasts (Tremble et al.,on downstream targets to affect cell cycle progression and
tissue-speci®c gene expression. As illustrated in Fig. 1, cell 1995), adhesion to FN induces c-fos and c-jun expression
while expression of c-myc is adhesion independent. Integrinadhesion and growth factor stimulation activate common
downstream effectors which serve as potential synergy engagement in monocytes leads to activation of NFkB and
c-fos (Yurochko et al., 1992). In some cells, the level ofsites. These include MAP kinases, cyclins and cyclin inhibi-
tors, and transcription factors, which function as endpoints integrin expression and its ligation state control expression
of these early response genes (Varner et al., 1995). Hence,in the regulation of the cell cycle and gene expression. Mito-
gen activated protein (MAP) kinases are activated in re- these transcription factors function as nuclear integrators
of adhesion and growth factor signaling pathways.sponse to growth factor signals and translocate to the nu-
cleus where they regulate transcription factor activity. Re-
cent reports point to MAP kinase activation in response to
Interactions between Adhesive- and Growth-ligation of integrin receptors by ECM ligands. Adhesion of
Factor-Stimulated Signal Transduction®broblasts to FN results in a rapid induction of MAP kinase
Componentsactivity and its redistrubution to the nucleus (Chen et al.,
1994; Zhu and Assoian, 1995). Thus, the adhesion-depen- How do integrins and growth factor receptors synergize
to regulate the common targets discussed above? Recentdent stimulation of MAP kinase parallels its activation by
growth factors. studies point to speci®c sites of communication between
adhesion and growth factor receptors and suggest that coor-Farther downstream, cell cycle regulators like cyclins,
cyclin-dependent kinases, their inhibitors, (Roberts et al., dinated signaling may arise from physical interactions, at
several levels, between components of both pathways. For1994) and certain tumor suppressors like the retinoblastoma
protein (Rb) (Kouzarides, 1995) respond to exogenous prolif- example, FGF receptors appear to interact with cell±cell
adhesion molecules through cell adhesion molecule (CAM)erative and antiproliferative signals to control the switch
from proliferation to differentiation. For instance, the inter- homology domains (Hotchin and Nobes, 1996; Mason,
1994). These ligand recognition sites in cadherins and Igplay of G1 cyclins, p21 cyclin inhibitor, the Rb protein, and
MyoD controls muscle differentiation (Gu et al., 1993; Guo adhesion receptors are also found in the extracellular do-
main of FGF receptors and show a functional importanceet al., 1995; Halevy et al., 1995). A number of recent studies
show that cell adhesion signals underlie cyclin activation. in FGF-dependent neurite extension (Williams et al., 1994)
(Fig. 2A). Receptor tyrosine phosphatases, which possess IgIn particular, cell attachment controls the levels of cyclins
typically expressed during G1 or the G1/S transition and FN type III motifs in their extracellular domains, pro-
mote homophilic cell±cell adhesion as well as interaction(Bohmer et al., 1996; Fang et al., 1996). For example, adher-
ent, but not suspension, ®broblast cultures exhibit elevated with cadherins or Ig adhesion receptors (Fig. 2B) (reviewed
in Brady-Kalnay and Tonks, 1995). In addition, growth fac-levels of D- and E-type cyclins and increased activity of
their cognate cyclin-dependent kinases in the presence of tors or growth factor binding proteins potentially facilitate
indirect associations between adhesive and growth factorgrowth stimuli. The G1/S regulator, cyclin A, is also acti-
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FIG. 1. Potential points of convergence between integrin and growth factor signal transduction pathways. Integrin and growth factor
receptors likely communicate at several levels to activate common signaling pathways. Through the recruitment of cytoplasmic signaling
molecules to integrins and receptor tyrosine kinases at the cell membrane, components of both pathways interact to form supramolecular
signaling complexes in focal adhesions. (1) Integrin-dependent adhesion leads to tyrosine phosphorylation of the PDGF-b receptor. (2)
Adaptor proteins potentially link integrins and growth factor receptors. GRB2 binds to receptor tyrosine kinases and forms a complex
with focal adhesion kinase (FAK), a protein that binds to integrin. (3) Enzymes like phosphatidyl-inositol-3*-kinase (PI3-K) are activated
in response to both growth factors and cell adhesion. PI3-K is recruited to growth factor receptors and also interacts with FAK. FAK also
interacts with numerous structural and signaling proteins and is therefore a pivotal player in organizing the signaling complex. (4) Small
GTP-binding proteins like rho and lipid second messengers are activated by growth factors and integrins. These molecules participate in
the assembly of focal adhesion signaling centers. Farther downstream, cell cycle progression (5) is jointly regulated by integrin-dependent
adhesion and mitogenic signals which modulate expression and activity of cyclins, cyclin inhibitors, and tumor suppressors like the
retinoblastoma protein (Rb). (6) Cell adhesion and growth factors also jointly regulate the activity of MAP kinase, which translocates to
the nucleus to in¯uence gene transcription. (7) Transcription factors like c-jun, c-fos, and NFkB are the endpoints of both integrin and
mitogenic signaling pathways. These factors in¯uence both cell growth and tissue-speci®c gene expression during differentiation. Dotted
arrows indicate unde®ned signaling pathways.
receptors. For example, the insulin-like growth factor bind- Whereas reports of extracellular interactions between ad-
hesion and growth factor receptors are few, the cytoplasmicing protein (IGFBP) contains an RGD site and binds to a5b1
integrin in an RGD-dependent manner (Jones et al., 1993). face of the membrane appears to be a hot spot for intracellu-
lar crosstalk between these receptors (Fig. 1). A recent reportIn this way, IGFBP could act as an adaptor to promote an
association between insulin and FN receptors. Finally, FGF- demonstrates that integrin-initiated signaling acts on
growth factor receptors through tyrosine phosphorylation2 (bFGF) mediates cell±cell adhesion by acting as a bridge
between FGF receptors on one cell and heparan sulfate pro- of the PDGF b-receptor (Sundberg and Rubin, 1996). A num-
ber of cytoplasmic signaling molecules are activated in re-teoglycan on an apposing cell (Fig. 2A) (Richard et al., 1995).
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FIG. 2. Potential sites of interaction between cell±cell adhesion molecules and growth factor receptors. (A) The FGF receptor contains
cell adhesion molecule (CAM) homology domains which potentially interact with similar recognition sites on cadherins or Ig adhesion
receptors. bFGF potentially mediates cell±cell interactions by bridging FGF receptors on one cell and heparan sulfate proteoglycan (HSPG)
on an apposing cell. (B) Receptor tyrosine phosphatases contain immunoglobulin (Ig) or FN type III repeats which mediate interactions
with cell±cell adhesion receptors. (C) The adherens junction complex is a cell±cell signaling center and a site for intracellular associations
between adhesive and growth factor receptors. E-cadherin and EGF receptor are linked by b-catenin to form a complex. Other signaling
components such as receptor tyrosine phosphatases, src-family kinases, and their substrates, like p120cas, also associate with the E-
cadherin complex. A newly described tyrosine kinase, FER, associates with p120cas. Receptor tyrosine phosphatases localize to and
potentially stabilize adherens junctions by regulating the phosphorylation of catenins.
sponse to both adhesion and growth factor signals which while shc associates with the b4 subunit (Mainiero et al.,
1995). In addition, p130cas, a src substrate that interactspotentially mediate communication between integrins and
receptor tyrosine kinases. These include enzymes such as with mitogenic signaling proteins and is activated by cell
adhesion (Petch et al., 1995; Vuori and Ruoslahti, 1995),phospholipase C-g (PLC-g), (McNamee et al., 1993) phos-
phatidylinositol-3*-kinase (PI3-K) (Jackson et al., 1994), and also interacts with integrin-associated signaling molecules
(Parsons, 1996). There are also reports that cadherinssmall GTP-binding proteins like rho (Schwartz et al., 1995;
Parsons, 1996). In some cases, these molecules form com- interact with growth factor receptors through catenins
(Hoschuetzky et al., 1994). Thus, intermolecular associa-plexes with components of integrin signaling pathways
(Chen and Guan, 1994). Furthermore, a class of adaptor pro- tions appear to be a key mechanism whereby adhesion and
growth factor signaling pathways interact inside the cell.teins are recruited to activated growth factor receptors that
facilitate physical links with adhesive receptors. Some of Recent attention focuses on the focal adhesion as a major
site of integrin±growth factor communication where boththese adaptors appear to be integrin speci®c. IRS-1 com-
plexes with the avb3 integrin (Vuori and Ruoslahti, 1994) integrin- and growth factor receptor-stimulated signaling
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molecules physically reside and interact. These highly orga- most cell types in response to some growth factors, neuro-
peptides, and in¯ammatory cytokines. FGF, for example,nized, dynamic macromolecular assemblies operate as
structural sites to anchor actin ®laments to the membrane stimulates both serine and tyrosine phosphorylation of
FAK (Hatai et al., 1994). Insulin, in contrast, leads to de-and as signaling centers to relay bidirectional information
through integrin receptors. Several recent reviews examine phosphorylation of FAK (Knight et al., 1995). Interest-
ingly, NGF stimulates tyrosine and serine phosphoryla-the extensive molecular composition and structure of focal
adhesions (Burridge et al., 1988; Jockusch et al., 1995; tion of paxillin that correlates with laminin-dependent
neuronal differentiation (Khan et al., 1995; Leventhal andTurner and Burridge, 1991). Along with integrin, an array
of structural proteins such as vinculin, talin, a-actinin, and Feldman, 1996). Thus, the effect of different growth fac-
tors on FAK and paxillin may have functional conse-paxillin and over 20 different signaling molecules are re-
cruited to focal adhesion complexes. These include focal quence for cell growth and differentiation.
As just described for integrins, signaling through cadher-adhesion kinase (FAK), src, protein kinase C, small GTP-
binding proteins, RAS, MAP kinase, GRB2, PLC, PI3-K, and ins at adherens junctions, another adhesive complex analo-
gous to the focal adhesion, also appears to couple withcertain growth factor receptors (Lewis and Schwartz, 1995;
Miyamoto et al., 1995a,b; Plopper et al., 1995). Therefore, growth factor pathways (Fig. 2C). Hepatocyte growth factor
or EGF enhances tyrosine phosphorylation of catenins (Shi-integrin and growth factor signaling pathways appear to in-
tegrate at the molecular level in focal adhesions. bamoto et al., 1994). Wnt-1, a developmental morphogen
in Xenopus, or its Drosophila homologue, Wingless, stabi-Since integrins possess no intrinsic enzymatic activity
in their cytoplasmic domains, how do they signal? Several lize the interaction of catenins and cadherins (Hinck et al.,
1994; Kirkpatrick and Peifer, 1995). Interestingly, E-cad-recent observations implicate FAK as a central player in
linking integrins with growth factor receptors. FAK inter- herin forms a complex with the EGF receptor in epithelial
cells via b- and g-catenin, cadherin binding proteins, poten-acts with focal adhesion components (Schaller and Parsons,
1994) and with integrin b-subunit cytoplasmic domains tially through a direct interaction (Hoschuetzky et al.,
1994). Furthermore, a newly described catenin, p120cas, a(Schaller et al., 1995). Its activity is regulated by tyrosine
phosphorylation in response to integrin clustering (Korn- src substrate, associates with this complex (Reynolds et al.,
1994; Shibamoto et al., 1995). In addition, a newly identi®edberg et al., 1992), cell adhesion to ECM (Guan et al., 1991;
Burridge et al., 1992; Hanks et al., 1992), and growth factors cytoplasmic tyrosine kinase, FER, is activated in response
to either EGF or PDGF and associates with p120cas (Kimor neuropeptides (Zachary and Rozengurt, 1992). For the
most part, FAK activation is the earliest detectable response and Wong, 1995). Cell surface receptor tyrosine phospha-
tases, which mediate cell±cell adhesion, also associate withto both types of stimuli, usually occurring within 15±30
min. FAK phosphorylation plays a role in focal adhesion and act on cadherin signaling complexes (Brady-Kalnay and
Tonks, 1995). Thus, adherens junctions are also emergingformation (Burridge et al., 1992) and therefore perhaps in
organizing the adhesion-related signaling center. Cell adhe- as important cell±cell signaling centers (Kirkpatrick and
Peifer, 1995).sion or growth factor stimulation promotes the stable asso-
ciation of FAK with cytoskeletal proteins like paxillin (Hil-
debrand et al., 1995) and talin (Chen et al., 1995) and a host
Codaof receptor tyrosine kinase associated signaling proteins in-
cluding src-family kinases (Schaller and Parsons, 1994), PI3- Cellular interactions as mediators of development, and
differentiation in particular, once a vague but usefulK (Chen and Guan, 1994), GRB2 (Kharbanda et al., 1995;
Schlaepfer et al., 1994), and indirectly with components of buzzword, are assuming increasing clarity and molecular
de®nition. It is now apparent that cell differentiation isthe ras/MAP kinase pathway (Schlaepfer et al., 1994),
thereby linking integrins and mitogenic signaling mole- regulated by many interacting stimuli (cues) that include
both growth factors and adhesive molecules. This diversitycules. The role of FAK in signaling is potentially twofold:
as an integrin-associated kinase, FAK is an early effector for of extracellular regulators, i.e., growth factors and adhesive
receptors, re¯ects the complexity of the extracellular envi-adhesion-induced signals and via a multitude of intermolec-
ular associations it can propagate these signals to mitogenic ronment in which cells reside and respond. These stimuli
initiate a variety of signal transduction pathways that ulti-pathways. Thus, FAK appears to be a versatile as well as
pivotal player in the convergence of integrin and growth mately regulate gene expression and other aspects of differ-
entiation and development. However, these are not linearfactor signaling. Recent results from FAK knockout mice
show that FAK is critical for development (Ilic et al., 1995). pathways, but rather appear to function as highly inter-
active and interconnected networks. The immediate chal-Both FAK and paxillin, a focal adhesion protein with
several different binding domains, are primary targets of lenges are to further de®ne the interactions among signaling
systems and to decipher their pathways and their intercon-multiple mitogenic pathways (Abedi et al., 1995; Coutant
et al., 1995; Hatai et al., 1994; Khan et al., 1995; Khar- nections. However, the complexity and interactions that
make them interesting also present signi®cant challenges,banda et al., 1995; Knight et al., 1995; Matsumoto et al.,
1994; Zachary and Rozengurt, 1992). Changes in tyrosine both conceptually and experimentally. The stage is set for
a major research thrust in this important area. While thephosphorylation of FAK and/or paxillin are reported in
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and Guan, J. L. (1995). Interaction of focal adhesion kinase withchallenge is signi®cant, the resulting synthesis and under-
the cytoskeletal protein talin. J. Biol. Chem. 270, 16995±16999.standing promise to be exhilarating.
Chen, H., and Guan, J. L. (1994). Stimulation of phosphatidylinosi-
tol 3*-kinase association with focal adhesion kinase by platelet-
derived growth factor. J. Biol. Chem. 269, 31229±31233.
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